Recent research has found that the dynamics of the New Keynesian model are very different when the nominal interest rate is zero. Positive technology shocks and negative shocks to the labor tax rate lower economic activity and the size of the government purchase multiplier can be as large as four. We consider the empirical relevance of these dynamics using Japanese data. We find that the New Keynesian model exhibits orthodox dynamics and the size of the government purchase multiplier is less than one in Japan.
In the baseline specification of our economy, the answer to the first question is less than one. The value of the government purchase multiplier ranges from 0.6 to 0.9 depending on the year when government purchases are increased and also how the experiment is defined.
If instead we use a specification where the shocks are calibrated to produce persistent expectations of five years of zero nominal interest rates then the model produces larger government purchases multipliers that range from 1.1 to 1.4.
There are several reasons for why our answers differ from previous research. In our economy, the expected duration of zero nominal interest rates is short. Households expect the nominal interest rate to be zero for two years and positive afterwards. Another important reason is that the state of the economy and the set of shocks that we consider are empirically relevant in the sense that they reproduce outcomes from Japan during this period. Finally, we use exact nonlinear methods to solve the model. Japan's episode with zero nominal interest rates was a period in which output growth was low but it was also a period of tranquility. We use this evidence to discriminate between the two specifications of agents' expectations.
The baseline specification of expectations does well in this regard. It produces additional variability of the markup during the period of zero nominal interest rates. But the magnitude of this variability is small and the model predicts that the period of zero nominal interest rates was a period of tranquility. However, when we posit expectations of zero nominal interest rates for a period of five or more years the model predicts that the period of zero nominal interest rates was a time of macroeconomic instability and this is inconsistent with what happened in Japan.
Overall, we conclude that Japan's experience with zero interest rates is consistent with the New Keynesian model under the assumption that expectations of zero nominal interest rates were relatively short lived. Under this assumption, the New Keynesian model has orthodox implications:
1. The government purchases multiplier less than one.
2. A lower labor tax rate increases GNP.
A an improvement in neutral technology also increases GNP.
Our results are related to research by Braun and Waki (2010) . They analyze the role of the solution method for the size of the government purchase multiplier in two versions of a New Keynesian model that differ in the specification of price adjustment. They find that linear solution methods are inaccurate in the presence of preference discount rate shocks that are 5 % or higher and that linear solution methods can induce a substantial upward bias in the government purchase multiplier. For this reason we use nonlinear methods when solving for the equilibrium.
The remainder of the paper is organized as follows. Section 2 develops a prototypical New Keynesian economy. Section 3 describes calibration and simulation method. Results are reported in section 4 and Section 5 concludes.
Economy
We consider a prototypical New Keynesian economy. The economy is populated by a representative household, a representative final good producer, a continuum of intermediate good producing monopolists that face quadratic costs of adjusting prices, a government and a central bank. We discuss the problems of these agents in turn.
Households
The representative household chooses sequences of consumption {c t } ∞ t=0 and leisure{1 − h t } ∞ t=0
to maximize
where c t is consumption of the composite good and h t is hours worked expressed as a fraction of a time endowment of one. β denotes the discount factor and ν is the weight a household attaches to consumption. d t is a shock to the subjective discount rate with the law of motion
The household's period t budget constraint is given by
(1 + τ c,t )c t + x t + B t P t =
(1 + R t−1 ) B t−1 P t + 1 0 Π t (i) P t di + T t + (1 − τ t,K )r t k t−1 + (1 − τ t,W )w t h t + τ t,K δk t−1
where P t is the price level, B t is the household's holdings of nominal debt at the end of period t, k t−1 is level of capital chosen in period t − 1 and x t is investment. Households hold equal amounts of shares in each intermediate goods firm so that Π t (i) is per capita nominal profits from intermediate firm indexed i. Households pay taxes τ c,t , τ t,k and τ t,w on consumption, capital income and labour income, respectively, and receive lump-sum transfers of size T t from the government.
Capital is subject to adjustment costs and is accumulated according to
where µ k is the growth rate of capital on the balanced growth path. Let λ c,t and λ k,t be the Lagrangian multipliers on the households' budget constraint (3) and on the law of motion for capital (4) , respectively. The optimal choices of the representative household satisfy
(1 − ν)(c ν t (1 − h t ) 1−ν )
1−σ 1 − h t = λ c,t (1 − τ w,t )w t (6)
−λ c,t /P t + βE t d t+1 λ c,t+1 (1 + R t )/P t+1 = 0 (9)
Final Good Firm
Perfectly competitive final good firms use a continuum of intermediate goods i ∈ 0, 1 to produce a single final good that can be used for consumption and investment. The final good is produced using the following production technology
The profit maximizing input demands of the final good firm are
where p t (i) denotes the price of the good produced by firm i. The price index P t is defined as
Intermediate Goods Firms
There is a continuum of monopolistically competitive firms each producing one differentiated, intermediate good according to the technology
We assume that there are both permanent shocks, ψ A,t and transitory shocks, A,t to technology. Technology has the law of motion
Each intermediate firm solves a dynamic profit maximization problem that can be broken down into two parts: The choice of the cost minimizing level of inputs and the choice of the optimal sequence of prices of output. There are two inputs: Labor and capital. We further assume that a subsidy s = θ/(θ − 1) is in place that corrects the static inefficiency due to monopolistic competition. This subsidy isolates the dynamic distortion caused by the variation in the markup which is the distortion that monetary policy corrects in a New
Keynesian model. Introducing a subsidy also allows us to nest a real business cycle model as a special case by setting the adjustment costs on prices to zero.
Cost minimization implies
where
Price rigidity is introduced using a convex cost of price adjustment as in Rotemberg (1996) . Define gross inflation 1 + π t (i) as p t (i)/p t−1 (i). Given the optimal choice of labor and capital, a typical intermediate goods producer chooses a sequence of prices p t (i) to
subject to the input demands (11).
The first order condition for the firms' price setting problem reads
Interest rate targeting rules have been found to be good empirical specifications of monetary policy in e.g. Taylor (1993) and we refer to monetary policy rules of this form as Taylor rules. The particular interest rate targeting rule considered here is
where u M,t is an I.I.D. normal random variable. One special feature of this rule is that it targets only the inflation rate. Because we consider a sample period in which Japan experienced a long and persistent departure from trend growth, it is not clear how to define the target level of output. To circumvent this problem, one could introduce output growth instead of the level of output in the Taylor rule and we consider such a specification of the Taylor rule in the sensitivity analysis.
Fiscal Policy
The fiscal authority finances its expenditures with distortionary taxes, lump-sum transfers and nominal bonds. Fiscal policies satisfy the period budget constraint
where S t are subsidies to intermediate monopolists.
Pt , we can rewrite the government budget constraint as
The tax rates on capital, consumption and labor and government purchases have the following laws of motion
where the shocks to each variable are I.I.D. normal random variables. Lump-sum taxes are assumed to adjust to satisfy the government budget constraint.
To close the model, the aggregate resource constraint is given by
We will solve the model using nonlinear methods and these price adjustments costs will not drop out of the resource constraint as they would when using linearized solution methods.
We will see below that how these adjustment costs are treated has an important impact on the results.
Equilibrium
The notion of equilibrium considered here is an imperfectly competitive general equilibrium in which the markets for the final good, intermediate goods, labor, capital and government debt clear in each period. The model developed above admits a symmetric monopolistically competitive equilibrium. We start by defining a perfect foresight equilibrium.
Definition A perfect foresight symmetric monopolistically competitive equilibrium consists of a sequence of allocations {c t , h t ,
, a sequence of prices {r t , w t , χ t , π t } ∞ t=0 and a finite set of integers I B that satisfies the given the initial conditions (P −1 , R −1 , k 0 ), and sequences of shocks to the rules for
Two points are worth mentioning. First, the definition of equilibrium is sequential.
Second, the definition of equilibrium includes a statement of specific intervals where the zero lower bond on the nominal rate is binding.
Solution Method and Calibration Solution Method
Our choice of solution method is motivated by three considerations. First, we choose a nonlinear solution method because recent research by Braun and Waki (2010) has found 2 Because we assume that the government adjusts lum-sum taxes such that its budget constraint is satisfied, we omit the government budget constraint from the equilibrium conditions and we omit government bonds and transfers from the list of variables determined in equilbrium.
that loglinear solutions produce significant upward biases in the size of the government purchases multiplier when large shocks to the preference discount drive the We will report results below that show that nonlinearities are also important for other properties of the model such as the sign of the output response to a labour tax or transitory technology shock.
The second motivation for our choice relates to finding the interval when the nominal interest rate is zero. Braun and Waki (2006) consider the problem of computing an equilibrium for an economy similar to ours in a perfect foresight setting. They limit attention to equilibria of the form where the interest rate is zero for only one finite and contiguous number of periods. Even with this restriction they find that there can be multiple equilibria and they impose two further equilibrium selection devices. First, they impose the restriction that the nominal interest rate in the model hits zero in a specific year that is dictated by Japanese data. Second, they select the equilibrium where the nominal interest rate is zero for the shortest interval of time. We use the same strategies for selecting an equilibrium
here.
Third, we want to relax the perfect foresight assumption maintained in e.g. Waki (2006, 2010) and allow for uncertainty.
These three considerations led us to use a variant on a technique called extended shooting. 3 Starting from the initial period, agents solve the set of nonlinear equations that describe their respective decision rules forward for 100 periods. We assume that our economy is at its steady state in period 101. In these future periods, shocks are set to 0. We then move time forward by one period. Agents experience a new set of shocks and have a new set of initial conditions. They once again solve forward for 100 periods. This is repeated for each year from 1988 to 2007.
Because our solution method is sequential, we can limit the problem of dealing with the zero bound constraint to a small set of periods. Prior to 1999, households assign zero probability to the constraint binding in equilibrium. In the periods where households anticipate or experience a binding constraint we solve the model by hand using guess and verify methods to find the interval where the nominal interest rate is zero.
The principal limitation of this approach is that expectations about the future in any given period are degenerate. However, this solution strategy also highlights a hard problem.
We know from previous research that the dynamics of the New Keynesian model can change in first order ways when the nominal interest rate is zero. Thus any solution method that allows for non-degenerate expectations formulation will probably require that agents form state dependent probabilities over the interval that the nominal interest rate constraint binds. Using a high value of this parameter acts to increase the size of the government purchases multiplier. We will show below that even with such a choice its value is typically low.
The preference discount factor β is set to 0.995, a rather high level for a model with annual data. This choice implies that the steady state nominal interest rate of 2.9% is associated with a steady state inflation rate of zero. We set the curvature parameter in preferences to 2. The average markup is set to 15 percent as in Braun and Waki (2006) , pinning down the value of the subsidy as 1.15. We assume that technology, A t , advances at a rate of 2% per annum.
The coefficient on inflation, ρ π , and the lagged nominal rate in the Taylor rule, ρ R , are set to 1.7 and 0.4 respectively. The adjustment cost parameter γ 0 is set to 80.
5 These parameter choices imply that the nominal rate increases on impact by 0.4% in response to a 1% shock to monetary policy. This response is a bit lower than the response of 0.6% estimated by Sugo and Ueda (2006) for the Japanese economy.
Finally, we start simulating our economy from 1987 and set the initial capital stock in our economy to the same value as its counterpart in Japanese data in 1987.
Calibration of Shocks
Our calibration strategy as described so far neither pins down values of the shock to the preference discount rate nor to the consumption tax or monetary policy. We now describe how we set these innovations.
We started by simulating our economy using the parameterization described above setting the shocks on the consumption tax, the preference discount rate and monetary policy to zero in all periods. That economy preformed reasonably well in terms of its implications for most real variables. However, the model did not produce a large secular decline in labor input hand what they give with the other: They make the zero lower bound binding but they also cause a deterioration in the fit for GNP and labour input. To counteract the stimulative effect that shocks to the preference discount rate have on these variables, we introduced simultaneous variations in the labor wedge by shocking τ c,t . With some experimentation we found that using a fixed factor of 5 works well.
Preference discount rate shocks produce counterfactually low inflation in the second half of the 1990s, too. To counteract the deflationary pressure due to these shocks, we introduced negative monetary policy shocks in the late 1990s. In our economy, a negative shock to monetary policy lowers the nominal interest rate and increases the inflation rate.
In other research Sugo and Ueda ( Throughout, the shock to τ c,t which works primarily as a labor wedge is set to be five times the size of the d t shock. 6 The shocks to monetary policy are -0.5% in the years 1993, 1996 and 1998 and -1% in 1997.
These shocks bring the nominal interest rate and the inflation rate down in the 1990s and in particular get the nominal interest rate to hit its lower bound of zero in 1999. However, once the nominal interest rate is zero we were left with a question of how to handle the episode of zero nominal interest rates. In our baseline specification, we assume that in each period between 1999 to 2005 households expect that the nominal interest rate will be zero for two years. This assumption is based on evidence reported in Ichiue and Ueno (2007).
They find using an affine model of the yield curve that the maximum expected duration of zero nominal interest rates during this period was 2. The sequence of shocks to d t , that produces these expectations forecasts gradually declines from 0.3% in 2000 to -0.25% in 2006. We adjust τ c,t to offset the implications of these shocks for labor input and output in the way described above.
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The results from the baseline simulation are reported in Figure 2 . A comparison of Figure   2 with Figure 1 has the following noteworthy features. The shocks we have added after 1991 achieve the desired goal of bringing inflation and the nominal rate down during the second 6 Formally, τc,t also affects the intertemporal first order condition. However, in our experience this effect is quantitatively very small. half of the 1990s. Moreover, the level of inflation during the period of zero nominal interest rates is about of the same level as we observe in Japanese data.
Relative to Figure 1 , there is some deterioration in the fit of the model for real allocations. The baseline economy understates consumption and overstates the extent of capital deepening. The reason for these changes in the fit of the model for real variables is the preference shock. On the one hand, a d t shock brings the nominal rate down but it also stimulates current labor input and output. We compensate for these effects using a shock to τ c,t . This improves the fit for these variables but also induces households to consume less and save more.
Overall, the baseline model does a good enough job of capturing the main features of Japan's experience between 1990 and 2007 to warrant using it as a laboratory for conducting counterfactuals.
The number of periods that agents expect the nominal interest rate to be zero can have a big effect on the properties of the model. To illustrate this point we will also report results for two other specifications. In the persistent expectations specification, the sequence of In the large preference shock specification, we assume that the preference discount shock arriving in 1999 is equal to 4%, a size sufficient to make agents expect in each year from Before discussing the results we wish to emphasize that output in our model differs from
. The distinction between production y t and GNP plays an important role in the analysis.
Any shock that increases the difference between current and steady state inflation also raises the resource costs of price adjustment. This, in turn, increases the difference between production and output. Table 2 reports results for the baseline specification. The first row shows the year being Observe first that the impulse responses of GNP and production to a shock in government purchases are very similar in magnitude in each of the three years. One reason for this finding is that the level of the resource costs of price adjustment is moderate, 0.63 % of GNP. In other specifications reported below, the difference between these two variables will be more pronounced.
Observe next that Table 2 indicates that the dynamic responses of GNP in our New This is the mechanism triggering the larger markup responses in Table 2 . However, what is noteworthy about Table 2, is that the level of markup variability is very small. Increasing its variability by a factor of three only has small quantitative effects on the dynamic response of the economy to shocks.
The results reported in Table 2 for the period of zero interest rates are quite different from results that have been documented elsewhere in the literature. The value of the government purchase multiplier reported in Table 2 is low and in particular, less than one. Christiano, Eichenbaum and Rebelo (2009), in contrast, find that the government purchases multiplier is much larger than one when the nominal interest rates is zero. In addition, the sign of the output response to either type of technology shock is positive in Table 2 . Braun and Waki (2006) and Christiano, Eichenbaum and Rebelo (2009) find that it is negative when the nominal interest rate is zero. Finally, output falls when the labor tax is increased in Table 2 during the period of zero nominal interest rates. Eggerstsson (2008) finds that output increases in this situation. On the one hand, the results reported in Table 2 are reassuring because they are consistent with standard theory. On the other hand, they are quite different from findings reported elsewhere in the literature. We now turn to discuss the reasons for these differences.
Relating our Findings to the Existing Literature
The primary reasons that explain the difference between the results discussed above and the results reported elsewhere are household expectations about the duration of the period of zero nominal interest rates, the size of the shock and the solution method. costs from the resource constraint. The linear approximation works well for small shocks but not for big shocks. We will show next that how adjustment costs are treated in the resource constraint has a big impact on the dynamic properties of our economy. Table 3 reports impulse responses for different specifications of our economy that vary in the length of the period agents expect zero nominal rates, the size of the shock and the treatment of the costs of price adjustment in the resource constraint. We assume that the shocks arrive in 1999 which is the year that the nominal interest rate first hits zero.
The first two columns of Table 3 report impulse responses for the baseline specification.
In 1999 this specification is hit with a 2% shock to d t and a shock to τ c,t of size 0.1. This second shock has a small effect on the interest rate but a very large effect on the responses of hours and output. Recall that these shocks have the property that households expect the nominal interest rate to be zero for two periods. For purposes of comparison, column 1 repeats the baseline responses reported in Table 2 . The second column reports responses for baseline specification when the costs of price adjustment are omitted from the resource constraint. For shocks of this size the resource costs of price adjustment are small and the responses are very similar in the two cases.
The next two columns report responses for the persistent expectations specification. For this specification in 1999 there is a 3% shock to d t and a simultaneous 0.15% shock to τ c,t .
Consider first the results reported in column 3. The larger preference shock in 1999 has two effects: First, it lowers the shadow price of the nominal interest rate in 1999 and secondly, it increases the number of periods agents expect nominal rates to be zero from two years to five years. This combination of shocks induces a much larger response in the markup as compared to the baseline specification. Notice also that the resource costs are much larger here. The government purchases GNP multiplier increases to 1.35 which is about 60 percent larger than its value in the baseline specification. However, the multiplier for production is only moderately larger and still less than 1.
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Consider in turn the response of GNP to a permanent technology shock. The response continues to be positive and is also larger than the baseline response reported in column 1.
However, the magnitude of the increase as compared to the baseline response is small even though the markup response to this shock has more than doubled.
What is the mechanism responsible for these results? The preference discount rate shock causes strong deflationary pressure in 1999, thereby increasing the cost of adjusting prices. In our economy, both a positive government spending shock and a positive permanent technology shock act to decrease the markup and increase the inflation rate, thus attenuating the costs of price adjustment. With lower costs of price adjustment, more output available for consumption and investment which implies in turn a larger GNP response. This effect is most pronounced for government purchases because this type of shock has a large positive effect on the price level.
The same reasoning accounts for the attenuated labor tax response in column 3 as compared to the baseline specification. A higher labor tax also increases the price level and reduces the resource costs of price adjustment.
The opposite reasoning applies for the transitory shock to technology. A positive, transitory shock to technology increases the markup and lowers prices, thereby increasing the resource costs of price adjustment. Consequently, the GNP response is smaller here as compared to the baseline specification.
Column 4 reports results for the persistent expectations economy without the costs of adjusting prices in the resource constraint. For shocks of this size we can start to observe some differences between the two specifications of the resource constraint. Relative to column 3, a positive, transitory shock to technology or a negative shock to the labor income tax increases GNP by less. The GNP government purchases multiplier increases to 1.45. Most significantly, the markup response is much larger for all types of shocks when the price adjustment costs are omitted from the resource constraint.
Finally, consider the results reported in columns 5 and 6 under the heading large preference shock. In this specification d t = 0.04 and τ c,t = 0.2 in 1999. When the resource costs of adjustment are reflected in the budget constraint we find that the GNP government purchase multiplier is 1.75. The output multiplier government purchase multiplier though is still less than one. GNP continues to respond in a conventional way to impulses to either form of technology shock or the labor tax shock. The picture changes dramatically though when the resource costs of price adjustment are omitted from the resource constraint. The response of the markup to any form of shock is now many orders of magnitude larger. The 9 Expectations play an important role. Although not reported in Table 3 , the value of the GNP government purchases multiplier is also of about the same magnitude in 2000, a year in which there are no shocks to dt. To understand why the GNP response to a transient technology shock decreases as the size of the preference shock increases and eventually becomes negative, we totally differentiate the resource constraint with respect to a change in transient technology. The impact response of GNP to a transitory technology shock is then given by
where Ψ denotes the resource costs of price adjustment and where we have suppressed time subscripts for the ease of exposition. Equation (30) allows us to decompose the GNP response to a transitory technology shock into two terms: 11 The first term consists of the response of production to a transient technology shock weighted by the share of resource costs in GNP,
(1 − Ψ)/GN P . The second term is the response of the price adjustment costs to a transient technology shock weighted by y/GN P . Results for this decomposition are reported in Table   4 A further distinction between the results reported in Table 3 and the other literature pertains to the size of the government purchase multiplier. In particular, the size of the GNP government purchase multiplier in the final column of Table 3 is about 2. Christiano, Eichenbaum and Rebelo (2009), in contrast, report a value of about 4.
10 The size of the shock necessary to induce "anomalous" responses depends on the degree of price stickiness.
If prices, and hence the markup, are more flexible, "anomalous" responses can be observed when the economy is hit by a smaller shock to preferences. 11 Strictly speaking, the GNP response to a transitory technology shock has a third second order term too.
However, for small changes the infinitesimals in (30) are a valid approximation.
To understand why the GNP multiplier is small in our economy, we totally differentiate the resource constraint with respect to a change in government purchases. The impact response of GNP reads as Eichenbaum and Rebelo (2009) set it to zero. One needs a substantially bigger shock to the preference discount rate to bring the nominal interest rate to zero when the nominal interest rate is serially correlated. 12 Christiano, Eichenbaum and Rebelo (2009) consider Calvo price adjustment. But, the linearized system for Calvo and Rotemberg price adjustment costs is identical when the parameters for price adjustment are chosen in the suitable way. 13 Christiano, Eichenbaum and Rebelo (2009) consider a 5 % shock to the discount factor. Braun and Waki (2010) consider a 5% shock to the discount factor.
In the introduction we asked the following three questions about Japan's episide with zero nominal interest rates:
1. How big was the government purchases multiplier?
2. Would a lower labor tax have depressed economic activity?
3. Did the slowdown in the growth rate of TFP raise GNP?
The results reported in Table 2 
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In the second counterfactual we increase the growth rate of technology by 1% per year over the same interval using permanent shocks to technology that are of the same size in each year. This results in higher GNP growth of about 1% per year for both specifications.
In the third counterfactual we consider what would have happened if there had been a sequence of positive transitory shocks to technology of equal size that averaged 0.8 % per year. These shocks also increase GNP growth for either specification.
Finally, we ask how GNP in the Japanese economy might have changed if the labor tax rate had been lowered on average by 0.8% per year using equally sized shocks. From Table   5 we can see that this counterfactual increases GNP growth by about 1/2 of one percent per year in both specifications.
The results based on these counterfactuals is consistent with the results based on the impulse response functions. The New Keynesian model has orthodox predictions regardless of whether the zero interest rate bound is binding or not.
14 We have repeated the same counterfactual using I.I.D. shocks to the government purchases rule. We find that the GNP purchases multiplier is about 1 in the baseline specification and about 1.1 in the persistent expectations specification.
Results reported in the previous sections indicate that the GNP government purchase multiplier is larger than one if preference shocks are sufficiently large. Large preference shocks have implications for the volatility of GNP and other aggregate variables. We now turn to document how the implications of the model for volatility statistics vary with the size of the preference shocks and how these properties of the model line up with Japanese data. Table 6 reports the standard deviation from 1988 to 1998 relative to the standard deviation between 1999 and 2007 for Japanese data and alternative specifications of the model.
A relative volatility statistic of less than one means that the respective variable was less volatile during the period of zero nominal interest rates.
The first row of Table 6 reports relativity statistics for Japanese data. Observe that the period of zero nominal interest rates was a period of tranquility. The relative volatilities of GNP, consumption, real marginal cost and inflation are all well less than one. In the final row we report relative volatility for the large preference shock specification.
This simulation assumes that there is one large shock in 1999 and that the shocks to d t and τ c,t are zero in other periods after 1999. The large preference shock specification also predicts that Japan's episode with zero nominal interest rates should have been a period Compensation of employees/(National income -households' operating surplus). We would like to thank Ichiro Muto from the Bank of Japan for his helpful comments on the measurement of real marginal costs. 16 For the flexible price model we do not impose the zero bound constraint of large economic volatility. Albeit not reported in Table 6 , we have also calculated the volatility of the large preference shock specification without the costs of adjusting prices in the resource constraint, too. The volatility of the shocks is identical whether or not price adjustment costs are taken into account in the resource constraint. The volatility of endogenous variables, is much higher in the economy without price adjustment costs in the resource constraint.
Overall, the results reported in Table 6 suggest that it may be difficult to reconcile the large shocks specifications that produce government purchase multipliers greater than one with Japan's episode with zero nominal interest rates.
Robustness
In this section, we briefly describe the robustness of our conclusions to the choice of the parameterization and the choice of the preference shock processes.
One of the key parameters in our calibration is the magnitude of the price adjustment cost parameter. Table 4 compares volatilities generated by an economy with a more moderate adjustment cost parameter of 10 with volatilities generated by our baseline economy when hit by the same sequences of shocks. While they predict similar volatilities for GNP, consumption and labor input, the model with lower costs of price adjustment creates a higher volatility of real marginal costs and inflation that is closer to the volatility observed in Japanese data.
The dynamic responses for the economy with a low value for the parameter governing the costs of price adjustment, γ 0 = 10 are similar to results reported in Table 2 The qualitative nature of our results is also robust to the parameterization of the Taylor rule. We have obtain qualitatively similar results using Taylor rules that set the coefficient on the lagged value of the nominal rate to zero or use a different coefficient on inflation.
Turning to the choice of the shock processes we wish to first mention that our assumption that technology follows a unit root process does have an impact on some of our results.
Under our current assumption that shocks to technology are permanent agents best guess of tomorrow's state of technology is today's state of technology plus drift, the past is of no help for them for the purpose of forming expectations about the future. Technology shocks play a big role in the dynamics of the model and under this assumption agents never expect the zero lower bound to bind in advance of 1999. If instead technological progress is deterministic and shocks to technology are auto-correlated agents start to predict zero nominal interest rates several years before the nominal interest rate falls to zero and this acts to change the dynamics of the model before the nominal interest rate is zero. The dynamics start to change as soon as agents expect zero nominal rates in the future. This finding is significant in the sense that it is not necessary for the nominal interest rate to be zero in order for the dynamics of the model to start to shift. All that is necessary is that agents expect the nominal interest rate to be zero in the future.
Finally, we have also conducted simulations in which we kept the tax rate on the consumption constant. 17 This leads to a deterioration in the fit of the model for GNP and labor input. However, the magnitudes of the GNP impulse responses and the GNP multiplier are very close to those reported for our baseline specification.
Concluding Remarks
In this paper we have conducted a quantitative investigation aimed at assessing the dynamics of the New Keynesian model in a low interest rate environment.
We produced a baseline specification that does a reasonable job of reproducing some basic stylized facts from the Japanese economy between 1990 and 2007. An investigation of the dynamic properties of that specification implies that the response of GNP to a range of shocks is consistent with standard theory. Moreover, the size of the GNP government purchases multiplier is less than one.
We also produced specifications of the model that have orthodox predictions for the response of GNP to labor tax and technology shocks but generate a government purchase multiplier greater than one. These specifications require large shocks to preferences and this property is inconsistent with Japanese data. Japan's episode with zero interest rates was a relatively tranquil period with low variability of output, consumption, inflation and real marginal cost but these specifications imply that the period of zero nominal interest rates is one of relatively large economic volatility.
We have considered this question in an environment where agents receive new news about the state of the economy in each period and use this information to update their forecasts about future economic activity. A limitation of our analysis though is that those forecasts are degenerate and assign all probability to a single sequence of future outcomes. A valuable line of future inquiry would be to consider how to relax this restriction.
17 Under this assumption a 3% shock to the discount factor is needed to induce a binding zero nominal 1999 that agents expect to last for two years.
Technical Appendix Balanced Growth Path
The analogue economy developed above allows a balanced growth path. In turn, we characterize the balanced growth path.
Consider the perfect foresight balanced growth path
The aggregate resource constraint (??) implies
It follows from the equation (??) that
combining the production function for intermediate goods (??) with the two above restrictions yields:
Based on these results we can readily derive the growth rate of other variables along the balanced growth path. Here are the growth rates of some other variables:
Equilibrium Conditions of the Stationary Economy
In this section, we use the properties of the balanced growth path perform the following stationary inducing transformations:
and the same transformation applies to λ k,t .
Note that µ k = µ A and µ k,t = µ A,t .
where we use the definitions of µ λc and µ λc from above to simplify the expression.
Steady State Conditions of the Stationary Economy
We conjecture a steadystate with a constant nominal interest rate R and constant lump-sum transfers.
[
g +ĉ +x =ŷ.
Steady state of the Stationary Economy
This section solves for the steady state in closed form.
First, we use (??) to solve for π
Next, we use (??) to solve for χ:
and use (??) to findr:
We use (??) to solve for h/k,
and (??) to solve forŵ:
Next (??) can be used to findx/k:
and (??) to findŷ/k:
Then the resource constraint can be used to findĉ/ŷ:
Then we can use (??) to find h. First,
Next, we use the households' optimality condition for c, and divide it by the optimality condition for h,
Combining the previous two expressions,
Then,
Solving for h yields:
Given h we can now solve for k using equation (??). Given k we can find y from equation Table 2 Baseline Specification Table 3 Impulse responses to shocks that arrive in 1999 for alternative specifications of the model Table 5 Policy counterfactuals* Average annual percentage change in Table 6 Relative standard deviations for Japanese data and alternative specifications of the model* GNP 
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